ABSTRACT: Short-term experiments were conducted to examine the response of the ciliate Tiarina fusus and the heterotrophic dinoflagellate Polykrikos kofoidii to 3 strains in the Alexandrium tamarense species complex, each with a different paralytic shellfish toxin (PST) content. Both protist species fed on all 3 Alexandrium strains, but significant mortality occurred within 24 h of initial exposure to high densities of each dinoflagellate isolate. Protist mortality was not related, however, to the PST content of the Alexandrium strains, indicating a different mechanism of toxicity. Exposure of T. fusus to cell-free culture filtrates or cell extracts did not cause significant ciliate mortality. In contrast, significant mortality occurred when ciliates were separated physically from a live Alexandrium sp. culture by a 10 µm nylon mesh, suggesting that the toxicity is dependent upon the viability of the Alexandrium spp. cells but does not require physical contact or ingestion. Addition of antioxidant compounds significantly increased the survival of both protist species when exposed to Alexandrium, suggesting that reactive oxygen species and/or the secondary compounds produced by ROS-induced lipid peroxidation are involved in the toxicity of Alexandrium spp. to ciliates and heterotrophic dinoflagellates. This mechanism of toxicity is previously unknown for Alexandrium spp. and may play an important role in bloom dynamics and toxin transfer within the food web. 
INTRODUCTION
Harmful algal blooms (HABs) in marine ecosystems are increasing worldwide, presenting a scientifically complex and economically significant challenge to the management of coastal waters (Smayda 1990 , Hallegraeff 1993 . Among HAB species, dinoflagellates in the genus Alexandrium are among the most ecologically important because some species produce neurotoxins referred to as paralytic shellfish toxins (PSTs). PSTs can be accumulated by filterfeeding shellfish and other grazers and transferred to humans and other animals, leading to severe illness and possibly death (White 1980 , Shum way 1990 , Durbin et al. 2002 . Given the potential economic and human health risks associated with blooms of toxic Alexandrium spp., it is important to understand the mechanisms controlling the population dynamics of these harmful dinoflagellates.
Grazing is thought to be an important biological factor influencing the formation and termination of HABs (Buskey et al. 1997 , Turner & Tester 1997 , Colin & Dam 2007 , Smayda 2008 . Microzooplankton, particularly ciliates and heterotrophic dinoflagellates, are often the most active grazers of phytoplankton, consuming 60 to 70% of daily planktonic primary production (Sherr & Sherr 2002 , Calbet & Landry 2004 , Calbet 2008 . Although high abun-dances of ciliates and heterotrophic dinoflagellates have been observed during blooms of Alexandrium spp. (Needler 1949 , Prakash 1963 , Watras et al. 1985 , Carreto et al. 1986 , the interactions of these protists with Alexandrium spp. are not well understood. Several heterotrophic protist species have been reported to ingest Alexandrium spp. with no apparent adverse effects (Stoecker et al. 1981 , Hansen 1992 , Matsuoka et al. 2000 , Kamiyama et al. 2005 , but other protists exhibit altered swimming behavior, reduced ingestion, growth inhibition, or mortality (Hansen 1989 , Tillmann & John 2002 , Fistarol et al. 2004 , Fulco 2007 , Tillmann et al. 2007 . The disparate results from previous research cannot be attributed to differences in the PST content of the algal isolates (Tillmann & John 2002 , Tillmann et al. 2008 ).
Instead, it appears that uncharacterized metabolites produced by Alexandrium spp. are re sponsible for the toxicity of these dinoflagellates to protists (Tillmann & John 2002 , Fistarol et al. 2004 ). These harmful compounds are often referred to as 'allelochemicals,' i.e. secondary metabolites that in hibit the growth of competing organisms (Legrand et al. 2003 , Granéli & Hansen 2006 . In marine microbial ecology, the category of allelochemicals can include compounds that incapacitate or deter grazers (Cembella 2003 , Granéli & Hansen 2006 .
The bioactive, allelochemical compounds produced by Alexandrium spp. affect the structure and function of cell membranes, causing immobilization of co-occurring protist cells, followed by cell swelling and lysis (Hansen 1989 , Tillmann & John 2002 . The specific mode of action, however, is currently unknown. Emura et al. (2004) speculated that a protein-like toxin is responsible for the lytic activity of Alexandrium spp. Further research by Ma et al. (2009) has suggested that the allelochemicals may be amphipathic compounds that form large aggregates or macromolecular complexes. Elevated concentrations of reactive oxygen species (ROS) can disrupt a variety of cellular processes, including cell membrane integrity (Halliwell & Gutteridge 1985) . Although these compounds have been linked to the toxicity of other HAB species to aquatic organisms (Yang et al. 1995 , Kim et al. 1999 , Tang & Gobler 2009 , their possible role in the toxicity of Alexandrium spp. to grazers has not been examined. Determination of the mechanism of toxicity is needed to better understand the interactions between heterotrophic protists and Alexandrium spp. and to evaluate the role of these grazers in the formation and termination of blooms.
In the present study, we investigated the effects of 3 isolates in the Alexandrium tamarense species complex on the survival of the ciliate Tiarina fusus and the heterotrophic dinoflagellate Polykrikos kofoidii. Further, we tested a hypothesis that ROS are linked to the toxicity of Alexandrium spp. to protists by examining the effect of free-radical-scavenging enzymes on the survival of T. fusus and P. kofodii exposed to Alexandrium.
MATERIALS AND METHODS

Experimental cultures
Three strains in the Alexandrium tamarense species complex (Table 1 ; hereafter referred to as Alexandrium spp.) and one strain each of the dinoflagellates Lingulodinium polyedra and Scrippsiella trochoidea were maintained in f/2 medium without silicate (Guillard 1975 ) at 18°C on a 12:12 h light: dark cycle. The cultures were transferred biweekly to fresh medium and were in exponential growth for all experiments. The cultures were not axenic, but aseptic techniques were used to minimize additional microbial contamination. Prior to experimentation, Alexandrium spp. strains were examined for the production of PSTs. Triplicate samples were extracted according to Anderson et al. (1994) and analyzed using high performance liquid chromatography for saxitoxin (STX), neosaxitoxin (NEO), and gonyautoxins I-IV (GTX1-4) using the methods of Oshima et al. (1989) . Toxin standards were obtained from the National Research Council, Marine Analytical Chemistry Standards Program, Halifax, Nova Scotia, Canada. Based upon the analysis, the 3 Alexandrium sp. isolates were designated 'High PST' (NB-05), 'Low PST' (CB-307), and 'No PST' (CCMP115) ( ) and 0.2 µm filtered seawater (FSW) and were also conducted in triplicate.
Culture filtrates and extracts
Additional experiments were conducted with Tiarina fusus to examine the effects of cell-free Alexandrium spp. culture filtrates and extracts upon ciliate survival. Alexandrium spp. cultures (High, Low, and No PST strains; 1700 to 3300 cells ml −1 ) were diluted with f/2 medium to a density of 1000 cells ml −1
. An aliquot (20 ml) of each Alexandrium spp. culture was filtered gently through a 0.2 µm syringe filter, resulting in a filtrate free of both Alexandrium spp. cells and bacteria. To examine the possible effects of bacteria present in the Alexandrium spp. cultures on T. fusus survival, additional aliquots (20 ml) from each Alexandrium spp. culture were filtered through 5.0 µm syringe filters, allowing bacteria, but not Alexandrium spp. cells, to pass through the filter. Cell extracts from Alexandrium spp. cultures were prepared by sonicating Alexandrium spp. culture aliquots (20 ml), on ice, with a Fisher model 100 sonic dismembrator until cells were completely disrupted (as confirmed by microscopy). Following sonication, the extracted samples were filtered through a 0.2 µm syringe filter to remove cell debris. Filtrates (0.2 to 5.0 µm filtered) and extracts were added (5 ml; in triplicate) to individual wells of a 12 well polystyrene tissue-culture plate. Controls consisted of intact Alexandrium spp. cultures (1000 cells ml −1 ) and FSW. A total of 15 ciliates were added to each experimental well, and treatments were incubated and enumerated as described above.
Physical separation from live
Alexandrium spp. cultures
To determine if the observed mortality of Tiarina fusus exposed to Alexandrium spp. was a result of physical contact with and/or ingestion of the dinoflagellate, groups of 15 T. fusus cells were placed into individual wells of 12 well polystyrene tissue-culture plates containing FSW (2.5 ml). A culture plate insert with a 10 µm nylon mesh bottom was added to each experimental well. Aliquots (1.5 ml) of each Alexandrium spp. culture (High and No PST; ~2800 cells ml −1 ) were added to each culture insert, resulting in a final concentration of dissolved compounds in the treatment equivalent to a ~1000 cells ml −1 Alexandrium spp. culture. The 10 µm mesh separating the Alexandrium spp. culture from the T. fusus cells prevented physical contact between the species while permitting exchange of dissolved compounds. Controls consisted of Alexandrium spp. cultures (1000 cells ml −1 ) in direct contact with T. fusus as well as FSW. All of the experimental treatments and controls were conducted in triplicate and were incubated and enumerated as described in the above experiments.
Mitigation of toxicity
To test the hypothesis that reactive oxygen species play a role in the toxicity of Alexandrium spp. to heterotrophic protists, an experiment was conducted to examine the effects of scavengers of reactive oxygen species on Tiarina fusus and Polykrikos kofoidii survival when exposed to Alexandrium spp. The antioxidant enzymes peroxidase (MP Biomedicals, #191370), catalase (MP Biomedicals, #100429), and superoxide dismutase (MP Biomedicals, #190117) were prepared as aqueous solutions according to manufacturer specifications. All of the solutions were used within 1 h of preparation or were frozen immediately (−20°C) and thawed just before use. Proteinlike compounds are thought to play a role in the toxicity of a related species, Alexandrium taylori, to mammalian cells (Emura et al. 2004) . For this reason, an additional treatment testing the protease trypsin was included to examine the possibility that protein or protein-like compounds are responsible for the toxicity of Alexandrium spp. to protists. Alexandrium spp. cultures (High, Low, and No PST; 1500 to 2800 cells ml −1 ) were diluted with f/2 medium to a density of 1000 cells ml −1
. Each Alexandrium spp. culture was subdivided, and peroxidase (1.25 µg ml −1 ), catalase (2 U ml −1 ), superoxide dismutase (5 U ml −1 ), or trypsin (500 µg ml −1 ) was added. Similar concentrations of these compounds were shown to mitigate the toxicity of the dinoflagellate Cochlodinium polykrikoides to the sheepshead minnow Cyprinodon variegates (Tang & Gobler 2009 ). Aliquots (5 ml, in triplicate) of each culture were added to individual wells of 12 well polystyrene tissue-culture plates. A group of 15 T. fusus or P. kofoidii cells was added to each experimental well, and treatments were incubated and enumerated as described above. Controls consisted of ciliates and heterotrophic dinoflagellates exposed to Alexandrium spp. cultures without the addition of the enzymes and also FSW with the addition of each enzyme.
Statistics
Differences among the treatments were assessed using 1-way or 2-way ANOVA. Post hoc comparisons employed the Tukey-Kramer method. In all cases, significance levels were set at p < 0.05.
RESULTS
Effects on Tiarina fusus and Polykrikos kofoidii
When exposed to low densities (200 cells ml −1 ) of each Alexandrium spp. strain (High, Low, and No PST), Tiarina fusus and Polykrikos kofoidii cells continued to swim normally in a forward direction, and individuals were observed feeding on the dinoflagellate with no apparent adverse effects. Following the 2 h incubation, most ciliates and heterotrophic dinoflagellates contained 1 to 2 ingested Alexandrium spp. cells. In contrast, exposure to a high cell density of each Alexandrium spp. strain (2000 cells ml −1 ) caused many T. fusus cells to start swimming backward within 5 to 10 min, and feeding attempts were not observed. For most ciliates, complete loss of motility followed by cell lysis occurred within 15 to 30 min. The response of P. kofoidii to a high cell density of Alexandrium spp. was nearly identical to that of T. fusus, except that no backward swimming was observed. No negative effects were observed when T. fusus or P. kofoidii was exposed to the dinoflagellate Lingulodinium polyedra, regardless of the cell concentration.
Effect of Alexandrium spp. cell density
The survival of Tiarina fusus was dependent on both the Alexandrium spp. strain and the cell density ( Fig. 1 ) (2-way ANOVA, p < 0.001). The High PST and Low PST Alexandrium spp. strains caused significant T. fusus mortality at densities ≥250 cells ml −1 , relative to the Lingulodinium polyedra and FSW controls (p < 0.001). Cell densities of 500 cells ml −1 were required to cause significant lysis of T. fusus cells exposed to the No PST Alexandrium sp. isolate ( Fig. 1A ; p = 0.002). L. polyedra did not cause ciliate cell lysis, and T. fusus survival was not affected by the density of L. polyedra cells ( Fig. 1A ; p > 0.1). Polykrikos kofoidii survival following exposure to Alexandrium spp. also varied significantly depending on the isolate and the cell density ( Fig. 1 ; p < 0.001). When P. kofoidii was exposed to the low density (63 cells ml −1 ) of the Alexandrium sp. strains, the survival was statistically similar to the L. polyedra and FSW treatments (p > 0.05); however, cell densities ≥500 cells ml −1 resulted in significant lysis of P. kofoidii cells ( Fig. 1B ; p < 0.001). The Low PST Alex andrium sp. was toxic to P. kofoidii at all tested cell densities (p < 0.001). The survival of P. kofoidii exposed to 63 to 250 cells ml −1 of the No PST strain was not different from that in the FSW control (p > 0.9), but at densities ≥125 cells ml −1
, survival was significantly lower than in the L. polyedra treatment (p < 0.02). High densities (≥500 cells ml −1 ) of the No PST Alexandrium sp. strain re sulted in significant P. kofoidii mortality, relative to both the L. polyedra and FSW controls (p < 0.001). Exposure to L. polyedra did not cause P. kofoidii mortality at any of the tested cell densities.
Culture filtrates and extracts
The Alexandrium spp. culture filtrates (0.2 µm) and sonicated cell extracts (High, Low, and No PST) did not cause lysis of Tiarina fusus cells, and the ciliate survival was significantly higher than in the live, intact Alexandrium spp. treatments (Fig. 2) (1-way ANOVA, p < 0.001). Similarly, the 5.0 µm filtrate from the High and No PST Alexandrium spp. cultures did not cause significant T. fusus mortality (p < 0.001). Significant mortality occurred when ciliates were exposed to the 5.0 µm filtrate from the Low PST Alexandrium sp. strain (p < 0.001); however, survival was significantly higher in this treatment than in the live, intact, Low PST Alexandrium sp. treatment (Fig. 2) (p < 0.001).
Physical separation
Exposure of Tiarina fusus to live Alexandrium spp. cultures (High PST and No PST) that were physically separated from the ciliates by a 10 µm nylon mesh resulted in significant ciliate mortality relative to the filtered seawater (FSW) controls (Fig. 3) (1-way ANOVA, p < 0.001). T. fusus survival in the mesh treatments was, however, significantly higher than in treatments in which ciliates were in direct contact with Alexandrium spp. cells (p < 0.05). 
Mitigation of toxicity
The addition of the enzyme peroxidase significantly increased the survival of both Tiarina fusus and Polykrikos kofoidii exposed to the High PST and No PST Alexandrium spp. strains relative to the noaddition control, which consisted of Alexandrium spp. without the addition of any enzymes (Fig. 4) (1-way ANOVA; High PST, p < 0.001 for both T. fusus and P. kofoidii; No PST, p = 0.04 for T. fusus and Fig. 4 ; p > 0.5). The toxicity of the Low PST Alexandrium spp. culture to T. fusus and P. kofoidii was not mitigated by any of the tested compounds, and 100% mortality was observed in all experimental treatments (data not shown).
DISCUSSION
The production of allelopathic compounds appears to be common in the genus Alexandrium, affecting a wide variety of heterotrophic and autotrophic protists (Hansen 1989 , Arzul et al. 1999 , Matsuoka et al. 2000 , Tillmann & John 2002 , Fistarol et al. 2004 , Tillmann et al. 2007 . In the present study, 3 strains in the A. tamarense species complex caused immobilization and cell lysis of the ciliate Tiarina fusus and the heterotrophic dinoflagellate Polykrikos kofoidii. The lytic activity of Alexandrium spp., however, could not be attributed to the PST toxin content of the algal isolates, as the No PST strain also caused significant mortality of both protist species. Further, T. fusus survival was not affected by cell extracts from any of the tested Alexandrium spp. strains, including those with detectable PST toxins. The PST toxins produced by Alexandrium spp. are water-soluble and heat-stable (Wang 2008) and therefore are not destroyed by the sonication method used to prepare the cell extracts. If PST toxins were responsible for the toxicity of Alexandrium spp. to protists, cell extracts from the High and Low PST strains should have caused significant ciliate mortality. These results are consistent with previous studies that have examined the allelopathic effect of Alexandrium spp. on other protist species (Tillmann & John 2002 , Fistarol et al. 2004 ).
The high survival of Tiarina fusus following exposure to cell-free (0.2 µm filtered) Alexandrium spp. culture filtrates suggested that toxicity may occur only after physical contact with or ingestion of the dinoflagellate cells. Significant ciliate mortality occurred, however, when T. fusus was separated from living Alexandrium spp. cells by a 10 µm mesh, indicating that the bioactive compounds produced by Alexandrium spp. are released extracellularly, and physical contact and/or ingestion is not required to affect the protists. It is possible that the lytic compounds produced by Alexandrium spp. are relatively labile, which would explain the conflicting results between the 2 experiments. Continuous production by live Alexandrium sp. cells might be needed for toxicity to be observed. The present results are in contrast to previous research reporting abnormal swimming behavior and mortality within 1 h of exposure to Alexandrium spp. filtrates (Tillmann & John 2002 , Tillmann et al. 2007 . In those studies, however, the toxicity of the filtrate decreased over time and, depending upon the protist species being tested, it was no longer effective within hours to several days (Tillmann et al. 2007) , suggesting that the bioactive compounds are, indeed, labile. The ineffectiveness of the Alexandrium sp. filtrates in the present study may be attributable to variability in the amount of lytic compounds produced by various Alexandrium sp. isolates (Tillmann et al. 2009 ) and/or differences in the sensitivity of T. fusus to these allelochemicals. Recent research by Ma et al. (2009) , however, indicated that the allelochemicals produced by Alexandrium spp. are not labile and that the temporal stability of the compound(s) is actually high. These researchers were able to restore the lytic activity of an A. tamarense culture filtrate by vigorous shaking, providing support for the hypothesis that amphipathic compounds play a role in the toxicity of Alexandrium spp. to protists (Ma et al. 2009 ) while possibly also explaining the 'loss' of lytic activity observed in the present and previous studies.
The 5.0 µm filtrate from the Low PSP Alexandrium sp. strain caused significant Tiarina fusus mortality, suggesting that bacteria present in that particular algal culture may produce compounds that are toxic to heterotrophic protists. Tillmann & John (2002) and Tillmann et al. (2007) performed similar experiments with filtrates from several Alexandrium sp. cultures and concluded that the bacteria present in those cultures were not responsible for the observed lytic effects on protists. The production of lytic compounds by bacteria appears to be relatively common (Holmström & Kjelleberg 1999) , and it is possible that the bacteria alone are responsible for the harmful effects of the Low PSP Alexandrium sp. culture on protists. However, the survival of T. fusus exposed to the 5.0 µm filtrate was significantly higher than that in the live Alexandrium sp. treatment, suggesting that both bacteria and the dinoflagellate play a role in the toxicity. Further research is needed to resolve the specific contributions of Alexandrium sp. and bacteria to the toxicity of this culture to protists.
Although the harmful effects of Alexandrium spp. upon protists are thought to be attributable to extracellular, lytic compounds and not to PSTs, the specific mechanism of toxicity remains unknown. The addition of peroxidase, superoxide dismutase, or catalase mitigated the toxicity of the High PST and the No PST Alexandrium sp. strains, although the effectiveness of each specific enzyme varied depending upon the particular algal isolate and the target protist species. Superoxide dismutase transforms the superoxide radical (O 2 − ) into the reactive oxygen compound, hydrogen peroxide (H 2 O 2 ), and peroxidase and catalase convert H 2 O 2 into water (Apel & Hirt 2004) . Some peroxidases can also interact with a variety of organic peroxides, including cholesterol and longchain fatty acid peroxides (Arthur 2000). The increased survival of Tiarina fusus and Poly krikos kofoidii in treatments containing these antioxidants suggests that reactive oxygen species and/or products of lipid oxidation are likely involved in the toxicity of Alexandrium spp. to protists.
Reactive oxygen species are generated by eukaryotic and prokaryotic cells as by-products of cell metabolism; however, elevated concentrations of these compounds can cause oxidative damage to cellular macromolecules, including DNA, proteins, and lipids (Halliwell & Gutteridge 1985 , Apel & Hirt 2004 . Several HAB species produce relatively high levels of ROS in comparison to other algae , Kim et al. 1999 , Marshall et al. 2005 ; therefore, it has been speculated that ROS are responsible for the toxicity of these species to other aquatic organisms. Kim et al. (1999) proposed that ROS generated by the dinoflagellate Cochlodinium polykrikoides are involved in the toxicity of this HAB species to fish. Similarly, Yang et al. (1995) found that the addition of superoxide dismutase and/or catalase increased the survival of juvenile rainbow trout Oncorhynchus mykiss when exposed to the raphidophyte Heterosigma carterae and suggested that ROS were the causative ichthyotoxic compounds. Further, increased production of O 2 − by another raphidophyte species, Chattonella marina, was thought to be induced by fish mucous, resulting in ROS-mediated gill tissue damage in yellowtail Seriola quinqueradiata , Kim et al. 2001 . Subsequent research, however, has noted discrepancies between the amount of ROS produced by these flagellates and the concentrations required to cause fish death, and the specific involvement of ROS in the toxicity of these HAB species remains a subject of debate (Twiner et al. 2001 , Kim et al. 2002 , Tang et al. 2005 .
Although Alexandrium spp. can produce moderate levels of ROS (Kim et al. 1999 , Marshall et al. 2005 , recent research by Ma et al. (2009) has provided evidence that the extracellular allelochemicals in A. tamarense are large, amphipathic macromolecules. Amphipathic compounds have both hydrophilic and lipophilic properties, and examples of these compounds include most membrane lipids. It is possible that the ROS produced by Alexandrium spp. may not be directly responsible for the toxicity of this species to protists but alternatively are involved in lipid oxidation pathways that produce toxic secondary metabolites. Marshall et al. (2003) reported that the raphidophyte Chattonella marina contains high amounts of the polyunsaturated fatty acid eicosapentaenoic acid (EPA) and proposed that the mechanism of ichthyotoxicity in this species is the ROS-mediated oxidation of EPA. Jüttner (2001) demonstrated that the free fatty-acid form of EPA released from diatom biofilms can be toxic to a zooplankter. In a review, Ikawa (2004) concluded that microalgal PUFA oxidation products appear to be bioactive agents of allelopathic and grazer-defense interactions of many microalgal taxa. Wu et al. (2006) demonstrated membrane disruption of microalgal cells by free fatty acids, leading to potassium and phycobiliprotein leakage. The effects were more severe from fatty acids with a higher degree of saturation. These authors further postulated that relatively insoluble, free fatty acids may form micelles in aqueous solution that then bind to membranes of target cells. Although a possible mechanism for the release of membrane-bound ROS has not yet been examined in Alexandrium spp., cells incubated with 2', 7'-dichlorfluorescein-diacetate, a fluorogenic probe used to detect ROS, show bright fluorescence at the membrane surface, indicating oxidation of the probe at this site (data not shown). Further, some Alexandrium spp. strains appear to have high concentrations of EPA in the glycolipids associated with the cell membrane, relative to other dinoflagellate species (Leblond & Chapman 2000) . Accordingly, Alexandrium spp. toxicity to protists may be a result of ROSmediated oxidation of cell membrane lipids (e.g. glycolipids) or free fatty acids that are rich in EPA or other polyunsaturated fatty acids.
The protease trypsin increased the survival of both Tiarina fusus and Polykrikos kofoidii when exposed to the No PST Alexandrium sp. strain, suggesting that protein-like toxins also are produced by this isolate. Emura et al. (2004) provided similar evidence for a proteinaceous exotoxin in a related dinoflagellate, Alexandrium taylori, and suggested that the hemolytic compound was responsible for the toxicity of this species to the brine shrimp Artemia. Trypsin, however, did not mitigate the toxicity of the High PST or Low PST strains for either heterotrophic protist species. Trypsin was tested at one concentration (500 µg l −1 ) in the present research, and it is possible that a higher concentration would have increased protist survival. Alternatively, some Alexandrium spp. strains may not produce these toxins. Variation in toxin production among closely related dinoflagellate species and even within a species is relatively common (summarized by Burkholder & Glibert 2006) .
The ecological significance of the allelochemicals produced by Alexandrium spp. presently is not well understood; however, recent studies by Weissbach et al. (2010 Weissbach et al. ( , 2011 suggest that the cytolytic effects of these bioactive compounds may influence the structure and dynamics of plankton communities. Alexandrium spp. generally constitute a small fraction of the total phytoplankton biomass during blooms, but cell densities approaching or exceeding 1 × 10 6 cells l −1 have been reported (Carreto et al. 1986 , Hattenrath et al. 2010 . In the present study, similar Alexandrium spp. densities caused significant protist mortality within 24 h. It is possible that once a bloom reaches a sufficient cell density, the lytic compounds produced by Alexandrium spp. substantially reduce protist grazing, allowing the bloom to persist for a longer period. Portune et al. (2010) found that the raphidophyte Heterosigma akashiwo produced high concentrations of O 2 − at high cell densities and suggested that this species might release a significant amount of this potentially harmful radical during the formation of dense algal blooms. The sublethal effects of low densities of Alexandrium spp. upon protists have not been well studied. Both Tiarina fusus and Polykrikos kofoidii readily ingested Alexandrium spp. cells when provided at a low density, suggesting that a certain concentration of the bioactive compound(s) is required to deter or prevent grazing. Grazing experiments examining the response of heterotrophic protists to low densities of Alexandrium spp., with or without the addition of antioxidants, could improve the understanding of the possible impact of these cytolytic compounds upon grazers during early bloom development. In addition, 
